Introduction: Exercise limitation, dynamic hyperinflation, and exertional dyspnea are key features of symptomatic chronic obstructive pulmonary disease (COPD). We assessed the effects of glycopyrronium bromide (NVA237), a once-daily, long-acting muscarinic antagonist, on exercise tolerance in patients with moderate to severe COPD. Methods: Patients were randomized to a cross-over design of once-daily NVA237 50 µg or placebo for 3 weeks, with a 14-day washout. Exercise endurance, inspiratory capacity (IC) during exercise, IC and expiratory volumes from spirometry, plethysmographic lung volumes, leg discomfort and dyspnea under exercise (Borg scales), and transition dyspnea index were measured on Days 1 and 21 of treatment. The primary endpoint was endurance time during a submaximal constant-load cycle ergometry test on Day 21. Results: A total of 108 patients were randomized to different treatment groups (mean age, 60.5 years; mean post-bronchodilator, forced expiratory volume in 1 second [FEV 1 ] 57.1% predicted). Ninety-five patients completed the study. On Day 21, a 21% difference in endurance time was observed between patients treated with NVA237 and those treated with placebo (P , 0.001); the effect was also significant from Day 1, with an increase of 10%. Dynamic IC at exercise isotime and trough FEV 1 showed significant and clinically relevant improvements from Day 1 of treatment that were maintained throughout the study. This was accompanied by inverse decreases in residual volume and functional residual capacity. NVA237 was superior to placebo (P , 0.05) in decreasing leg discomfort (Borg CR10 scale) on Day 21 and exertional dyspnea on Days 1 and 21 (transition dyspnea index and Borg CR10 scale at isotime). The safety profile of NVA237 was similar to that of the placebo. Conclusion: NVA237 50 µg once daily produced immediate and significant improvement in exercise tolerance from Day 1. This was accompanied by sustained reductions in lung hyperinflation (indicated by sustained and significant improvements in IC at isotime), and meaningful improvements in trough FEV 1 and dyspnea. Improvements in exercise endurance increased over time, suggesting that mechanisms beyond improved lung function may be involved in enhanced exercise tolerance. (ClinicalTrials.gov Identifier: NCT01154127).
Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by exertional dyspnea and reduced exercise tolerance. [1] [2] [3] One of the major factors in exercise tolerance limitation in COPD is dynamic hyperinflation during exercise, which results in a disparity between inspiratory effort and ventilatory output, and is likely to be important in individuals with moderate-to-severe COPD. 2, 4 Lung hyperinflation causes a decrease in inspiratory capacity (IC) and an increase in end-expiratory lung volume, particularly during exercise, which results in dyspnea and exercise intolerance. [5] [6] [7] Limitation in exercise capacity is a key feature of COPD and is one of the main factors to negatively impact patients' quality of life. 8 Improving exercise tolerance, lung hyperinflation, and dyspnea are therefore important goals in the therapeutic management of COPD as it will help patients be more active during the day. Inhaled muscarinic antagonists, which include ipratropium and tiotropium bromide, are one of the principal classes of bronchodilators used for the treatment of COPD. Short-acting ipratropium 9, 10 and long-acting tiotropium 11, 12 are known to improve lung function and reduce COPD symptoms. Both agents are generally well-tolerated in patients with COPD. Furthermore, long-acting muscarinic antagonists (LAMAs) have been shown to increase IC both at rest (prior to exercise) and during exercise in patients with COPD by reducing lung hyperinflation, with a resulting improvement in exercise capacity. [13] [14] [15] Short-acting bronchodilators have not consistently been shown to improve exercise tolerance or dynamic hyperinflation. 16 Glycopyrronium bromide (NVA237) is a novel, oncedaily LAMA under development for the treatment of COPD. Preliminary studies in patients with moderate to severe COPD have shown that once-daily NVA237 provides sustained 24-hour bronchodilation, has, like short-acting bronchodilators, a rapid onset of action, and is well-tolerated, with a good safety profile. 15, 17, 18 Results from the recently completed GLOW1 trial, a Phase III, randomized, placebo-controlled study lasting 26 weeks, support the findings of preliminary studies and confirm the efficacy and safety of NVA237 50 µg in patients with moderate to severe COPD. 19 The principal objective of the Phase III GLycopyrronium bromide in COPD airWays clinical study 3 (GLOW3) was to evaluate the effect of once-daily NVA237 50 µg on exercise tolerance in patients with moderate to severe COPD.
Methods Patients
Men and women with moderate to severe COPD (as defined in the 2008 Global Initiative for Chronic Obstructive Lung Disease [GOLD] guidelines) were eligible for enrolment in the GLOW3 trial if they were aged $40 years, had a smoking history of at least 10 pack-years, post-bronchodilator forced expiratory volume in 1 second (FEV 1 ) of ,80% and $40% of predicted normal, and post-bronchodilator FEV 1 /forced vital capacity (FVC) of ,70%.
Patients were not eligible for the study if they fulfilled any of the following criteria: lower respiratory tract infection within the previous 6 weeks, required oxygen for chronic hypoxemia, concomitant pulmonary disease, history of asthma, history of malignancy within the previous 5 years (except localized basal cell carcinoma of the skin), history of long QT syndrome, QTc .450 ms for males or .470 ms for females, symptomatic prostatic hyperplasia, bladderneck obstruction, moderate/severe renal impairment, urinary retention, narrow-angle glaucoma, or history of alpha-1 antitrypsin deficiency. Additionally, patients were excluded who had experienced adverse reactions to inhaled anticholinergic agents, long-and short-acting β 2 -agonists or sympathomimetic amines, were unable to use any of the study devices or perform spirometry procedures, were involved in the active phase of a supervised pulmonary rehabilitation program, women of child-bearing potential not using an accepted form of contraception, pregnant women, and nursing mothers. The maximal workload (W max ) for each patient was determined at screening using the incremental cycle endurance test. This test consisted of 3 minutes resting, then 3 minutes of unloaded pedaling. Following this, at 60 revolutions/minute, a 10 W workload was added that was increased by 10 W/minute until exhaustion. Finally, patients undertook a 2-minute unloaded pedaling recovery period. W max was defined as the greatest workload maintained for a continuous 30-second period, at $40 revolutions/minute. Patients with a W max value ,20 W, and patients whose exercise endurance time at sub-maximal workload was .25 minutes at baseline, were excluded.
Patients using fixed combinations of β 2 -agonists and inhaled corticosteroids prior to the study were transferred to the dose of inhaled corticosteroid contained in the combination product, with a washout period of $48 h prior to screening. Patients were provided with a salbutamol inhaler to use as rescue medication throughout the study. The use of long-acting anticholinergics, short-acting anticholinergics, long-acting and short-acting β 2 -agonists other than rescue medication used in the study, xanthines, parenteral or oral corticosteroids, intramuscular depot corticosteroids, roflumilast, cromoglycate, nedocromil, leukotriene antagonists, ketotifen, or systemic anticholinergics were not allowed during the study.
Study design and treatments
In this multicenter trial, patients were randomized within a cross-over design into two treatment arms: once-daily NVA237 50 µg followed by placebo or placebo followed by once-daily NVA237 50 µg, for 3 weeks, with a 14-day washout (Figure 1 ). At visit 1 of 2, patient eligibility was determined, COPD treatment was adjusted if required, and submit your manuscript | www.dovepress.com
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incremental exercise and bronchial reversibility tests were performed. At visit 3, baseline measurements of spirometry, body plethysmography, and a submaximal constant-load cycle ergometry test (SMET; described below) were taken. Study drugs were administered via a low-resistance, singledose, dry-powder inhaler (Breezhaler ® ; Novartis Pharmaceuticals UK Ltd, Camberley, UK) in the morning between 08:00-11:00 hours.
At visit 1 of 2, all patients gave written, informed consent to participate in the study, which was conducted according to the principles of Good Clinical Practice and the Declaration of Helsinki. The protocol was reviewed and approved by institutional review boards and ethics committees at each study center.
Efficacy assessments
The primary outcome measure was the effect of NVA237 50 µg on exercise tolerance versus placebo after 3 weeks of treatment (Day 21). Days 1 and 21, one hour after drug administration, exercise tolerance was measured by exercise endurance time during a SMET. Submaximal exercise testing was performed as described by the European Respiratory Society (ERS) Task Force on Standardization of Clinical Exercise Testing 20 at 80% of maximum work capacity evaluated at screening (during the incremental cycle endurance test). Briefly, 3 minutes of rest on the bicycle was followed by 1 minute of unloaded pedaling. Patients then pedaled at 80% of W max until exhaustion, and finally pedaled unloaded for $2 minutes (recovery period). Exercise endurance was time from the commencement of loaded pedaling to stopping the exercise.
Spirometrically measured IC at isotime (measurements were taken within the final 30 seconds of each 2-minute interval of exercise; isotime refers to the last time point in the SMET at which the patient had a valid test result for both treatment periods) was a key secondary variable. Other secondary variables included IC at rest (post-dose, pre-SMET) and at peak during SMET (immediately prior to patient stopping exercise), 21 peak and trough FEV 1 and FVC measured by spirometry, functional residual capacity (FRC), residual volume (RV), total lung capacity (TLC), and specific airway conductance (sGAW) measured using plethysmography, exertional dyspnea (Borg CR10 Scale ® ) during SMET, and leg discomfort (Borg CR10 Scale ® ) during SMET after 3 weeks of treatment. Dyspnea and leg discomfort measurements were taken at the same time as IC measurements. Heart rate and blood pressure were measured directly prior to starting SMET and at the end of the preloaded exercise; heart rate and blood pressure over the corresponding time interval were then compared between treatments. All endpoints, with the exception of the Transition Dyspnea Index (TDI), were also assessed on treatment Day 1.
Quality assurance methods were put in place to ensure the quality of exercise endurance tests and data collection of data; where possible, the same spirometry equipment was used for all assessments performed by a patient during the study. Spirometers were calibrated for each study visit. All investigators received detailed training on the exercise endurance test methodology (with the training including practice runs of the exercise endurance tests). At site initiation visits, practice runs were conducted for pulmonary function and exercise tests to ensure that site staff were familiar with and competent in the tests; a limited number of staff, as designated by the investigator, evaluated all patients at all visits throughout the entire trial (where possible, the same 
Safety assessments
The safety analysis population included all patients who received at least one dose of the study drug. Safety was assessed by recording of treatment-emergent adverse events (AEs) and monitoring of vital signs, electrocardiograms (ECGs), and laboratory analyses. Daily patient symptoms (respiratory symptoms, breathless feeling, sputum production, sputum color, cough, and wheeze) were assessed from screening until the last study visit in the morning and in the evening. AEs were recorded for both treatment periods for each patient. AEs were coded using the Medical Dictionary of Regulatory Activities (MedDRA) and summarized according to body system, severity, and preferred term for each treatment.
Statistics
We calculated that a sample size of 80 patients should have 80% power to detect a 90-second improvement in exercise endurance between NVA237 and the placebo, under the assumption that the variability in the measurement, in terms of within-patient standard deviation, was approximately 200 seconds. A blinded, interim sample size re-estimation was performed after 24 patients completed the study, ie, when 24 patients had completed both treatment periods. Because the blinded estimate of the standard deviation was less than 200 seconds, no change was made to the planned sample size of 80 patients. However, to allow for patients dropping out of the study, recruitment into the study continued during the interim analysis, resulting in a total of 108 patients randomized into the study. Analyses included data from both cross-over groups across both treatment periods for each patient included. All pharmacodynamic (PD) endpoints, including exercise tolerance and spirometry endpoints, were analyzed using an analysis of covariance mixed model with sequence, period, baseline covariate, and treatment as a fixed effect and patient as a random effect. Patients were included in the PD analysis set if they completed at least one treatment period, had an evaluable PD assessment on Day 21 of this period, and had no major protocol deviation impacting primary PD assessment. Treatment least-squares means (LSM), LSM difference (NVA237-placebo), and corresponding 95% confidence intervals (CI) were estimated.
Results
Patient disposition and baseline characteristics
A total of 108 patients were randomized into the study. Ninety-five patients (88%) completed the study, with 3.7% patients completing only Period 1. Reasons for discontinuation included AEs (n = 9; 8.3%), protocol deviation (n = 1; 0.9%), abnormal test results (n = 1; 0.9%), and withdrawal of consent (n = 2; 1.9%). Mean age was 60.5 years, 58% of participants were male, and most were Caucasian (96%). Other baseline demographic and clinical characteristics are shown in Table 1 Figure 2 ). On Day 1, the LSM treatment difference between groups was 43.1 seconds, corresponding to an approximately 10% difference (P , 0.001; Figure 2 ).
Spirometry
NVA237 produced a statistically significant treatment d ifference in IC at isotime on Day 1 versus placebo (P , 0.001) and on Day 21 versus placebo (P , 0.001; Figure 3 ). IC at rest (prior to exercise) and at peak exercise was consistently higher for NVA237 versus the placebo on Days 1 and 21 (Table 2 ). Treatment differences for IC at rest (prior to exercise) and at peak exercise between NVA237 and placebo were statistically significant (P , 0.05). Mean trough FEV 1 on both Days 1 and 21 was significantly higher in patients receiving NVA237 (P , 0.05; Table 3 ). Peak FEV 1 on Days 1 and 21 was also superior for NVA237. Additionally, patients receiving NVA237 showed significantly improved FRC, RV, sGAW, and TLC values versus the placebo on Day 21 (P , 0.05) ( Table 3 ).
Symptoms
Daily symptoms of patients showed a trend towards a higher number of patients with no or mild symptoms following NVA237 treatment compared with symptoms resulting from placebo administration on most treatment days.
NVA237 was found to be superior to the placebo in decreasing leg discomfort on Day 21 and exertional dyspnea on Days 1 and 21 at isotime. On Day 21, the leg discomfort Borg score was significantly reduced in patients receiving NVA237 compared with those receiving the placebo (P , 0.05; Figure 4) . A numerical trend in favor of NVA237 on Day 1 was also observed for leg discomfort. On Day 21, Modified Borg Dyspnea Score improved by 20% with NVA237 treatment versus placebo treatment (treatment difference: −1.16; P , 0.05; Figure 5) ; on Day 1, the treatment difference was −0.92 (P , 0.05).
On Day 21, the focal score for TDI was higher in NVA237-(2.78) versus placebo-treated patients (0.49), with a treatment difference of 2.29, which exceeded the 1-point treatment difference considered as clinically important. 22 The number of puffs of rescue medication per day was lower in patients receiving NVA237, with 14 NVA237-treated patients (14.1%) taking no rescue medication compared with 9 (9.4%) placebo recipients. The total number of rescue mediations taken between Days 1 and 21 was lower in patients receiving NVA237 (LSM 42.0) than in those receiving the placebo (49.8), with an LSM difference of −7.8.
Blood pressure
No effects of NVA237 versus the placebo at Days 1 or 21 were observed on systolic and diastolic blood pressure and heart rate at isotime during the exercise test. On Day 1, LSM (95% CI) diastolic blood pressure was 88.0 (85. 3 
Safety
The proportion of patients experiencing at least one AE was similar in patients receiving NVA237 compared to those receiving the placebo (Table 4) . Most AEs were mildly or moderately severe and not considered to be related to the study drug. Discontinuations due to AEs were low for patients treated with NVA237 and the placebo (Table 4) . No death occurred during the study. The only serious AE reported during the study was a herniated disc diagnosed in a patient while receiving NVA237, which was not suspected to be drug-related. This patient was discontinued from the study. No clinically relevant changes were observed in vital signs, ECGs, and hematology or biochemistry parameters during the study.
Discussion
The results from the GLOW3 study showed that treatment with once-daily NVA237 50 µg for 3 weeks improves exercise tolerance in patients with moderate to severe COPD. Furthermore, meaningful improvements were observed in trough FEV 1 , accompanied by sustained reductions of lung hyperinflation at rest, signified by sustained and significant improvements in resting IC, RV, and FRC, and during exercise, signified by sustained and significant improvements in IC at isotime during exercise. A significant improvement in exercise endurance (21% vs placebo after 3-weeks of treatment; mean treatment difference 88.9 seconds) was reported by patients receiving NVA237, an effect that is perceptible by patients and is in the upper range of suggested thresholds for the clinically meaningful difference in exercise tolerance tests. 23, 24 Importantly, improvement in exercise endurance in NVA237-treated patients was visible from the first dose. Effects of NVA237 on exercise endurance are in the range of those observed in a previous double-blind, placebo-controlled study involving administration of once-daily LAMA, tiotropium, in which a statistically significant difference in endurance time was reported between tiotropium and placebo after 21 days (13.6%, P = 0.039) and after 42 days of treatment (21.4%, P = 0.0098).
14
The magnitude of the effect increased during the 3-week treatment period, which may have been due to further adaptive responses following improved ventilatory mechanics.
It is thus possible that treatment periods longer than 3 weeks may yield larger treatment improvements in exercise endurance. 13, 14 Additionally, reduced airway obstruction may, over time, result in increased activity with a training effect and lead to further improvements in exercise tolerance. Such improvements in exercise capacity have been noted in studies examining pulmonary rehabilitation. 25 Improvement in exercise capacity is recognized as an important goal in the management of COPD. 5 Dyspnea is 26 Additionally, reduced exercise capacity and dyspnea are associated with increased mortality. 27, 28 It has been suggested that the most important factor limiting exercise endurance in patients with COPD is dynamic hyperinflation, 7 which typically results in decrease inspiratory capacity during exercise. 29 The immediate functional improvement in exercise endurance afforded by NVA237 (10% vs placebo on Day 1) is therefore potentially significant. Increased IC with NVA237 may have facilitated greater expansion of tidal volume, contributing to significant improvements in dyspnea and exercise endurance. 14 The magnitude of the effect of NVA237 on IC was the same on Day 1 and Day 21, indicating that NVA237 reduced dynamic hyperinflation after the first dose and maintained the effect over the 3-week treatment period. This reflects the full bronchodilator activity of NVA237 from the first dose onwards.
19 NVA237 produced clinically meaningful improvements in trough FEV 1 versus treatment with the placebo (0.11 L increase on Day 21). The magnitude of effect observed is consistent with the results of previous studies examining the use of NVA237. 15, 17, 19 A comprehensive set of spirometric and body plethysmographic endpoints were investigated under resting conditions in the GLOW3 study. In addition to improvements in IC, NVA237 consistently decreased plethysmographic lung volumes, FRC, RV, and TLC, confirming that the observed effects on IC were reflective of decreased lung hyperinflation. Measuring sGAW using plethysmography can provide information regarding bronchodilator-induced changes in airway caliber, as an increase in airway diameter improves airway conductance. This measurement has been used as a sensitive method for assessing bronchodilator effects in clinical trials. 30, 31 NVA237 caused a large improvement in sGAW on Day 1, which was sustained through Day 21, confirming the time course of the changes in lung function observed using spirometry.
Breathlessness has been reported as one of the most frequent activity-limiting symptoms in patients with COPD. 32 Thus, two measures of dyspnea (Borg CR10 and TDI) were included in this study. NVA237 significantly improved exertional dyspnea on Days 1 and 21 at isotime. NVA237 also resulted in statistically significant increases in TDI score that exceeded the 1-point difference considered clinically important. 22 Reduction in hyperinflation with NVA237 treatment, demonstrated by an increase in IC on Days 1 and 21 in the current study, is an important factor that likely contributed to the improvement in dyspnea and exercise capacity. Exercise-limiting leg discomfort has also been frequently reported in COPD patients. 29, 33 NVA237 significantly improved the Borg CR10 score on Day 21 versus placebo administration. Notably, leg discomfort tended to be lower in NVA237-versus placebo-treated patients on Day 1. From a mechanistic perspective, better oxygenation of the leg muscles is expected to lead to some improvement in muscular function. However, this finding has not been consistently found in other trials with bronchodilators. For example, treatment with the short acting bronchodilator ipratropium were not associated with a significant improvement in leg discomfort score. 34 In the present study, a significant improvement was observed at isotime during exercise, whereas no differences were observed at peak exercise. Given the fact, that the exercise test used is symptom-limited, this finding at peak is not surprising since it reflects the cessation of exercise by patients due to intolerable dyspnea or leg discomfort. In contrast, the observed differences in the level of leg discomfort at isotime may have been the result of improved ventilation with NVA237, leading to improved oxygenation and peripheral muscle function during a given workload, and flattening of the slope of leg discomfort as a function of endurance time.
Importantly, consistency between improved lung function and body plethysmographic measures were observed as well as improved dyspnea measures at rest and exercise in this study. This may underscore the relevance of bronchodilatory therapy for improving exercise capacity.
In terms of safety, NVA237 50 µg once daily was well-tolerated and showed an acceptable safety profile. Safety results are consistent with those from previous studies. 15, [17] [18] [19] Limitations of this study include short time period and that it was not coupled with another intervention, such as rehabilitation, to augment the response to therapy. Both a longer duration of the trial beyond 3 weeks of treatment and combining therapy with a pulmonary rehabilitation program may lead to further clinically meaningful effects. Additionally, cycle ergometry is more artificial than other methods such as a walking test; some patients may not be used to this type of exercise. It has been shown that stopping exercise due to leg discomfort occurs more frequently when cycling than during walking tests. 35 Thus, the effects of treatment on cycling endurance may be more difficult to translate into changes for COPD patients' everyday activities than a walking test. Nevertheless, cycling ergometry has been shown to be reliable and safe. 36 Furthermore, cycle ergometry offers a relatively easy and standardized method for measuring dynamic IC, in contrast to a walking test, which requires portable systems for measuring respiratory parameters throughout the exercise, thereby making obtaining reliable measures of IC more challenging. 37 In conclusion, once-daily treatment with NVA237 results in significant improvement in exercise tolerance beginning with the first dose. Additionally, NVA237 reduces lung hyperinflation and offers clinically meaningful improvements in trough FEV 1 and breathlessness.
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